In this study, we used high-density event-related potentials (ERPs) to investigate the brain mechanisms underlying behavioral specificity and generalization of short-term learning of texture discrimination task (TDT). Human adults were trained with TDT for a single session of 1.5 h and their ERPs were measured on the following day. Behavioral performance showed that, after a same amount of exposure of the trained and untrained conditions during EEG session, learning effects were specific to the trained background orientation but generalized across target locations. ERP data, however, revealed both target-location and background-orientation specific changes. While the behavioral background-orientation specificity mainly involved amplitude enhancement of early N2pc over occipital cortex, behavioral target-location generalization was associated with modulation of tempo-spatial configurations of the N2pc component (early-occipital vs. late-parietal/temporal pattern) and decrease of frontal P2 amplitudes for the trained relative to the untrained condition. The earliest visual component C1 did not show specific effects for either background orientation or target location. These results indicated different brain mechanisms underlying the behavioral specificity and generalization of TDT learning. Based on the present findings and literatures, we propose that perceptual learning may induce not only enhancement of relatively early visual selection of the trained target among distractors but also decreases of top-down attention originating from high-level brain center. The reactivation of top-down attention control in some conditions (e.g., the untrained target-location condition) may compensate for the specific effect induced by the early visual selective attention mechanism, leading to generalization or less specificity of perceptual learning in behavioral performance.
Introduction
Perceptual learning (PL) refers to relatively permanent and consistent changes in the perception of a stimulus array following practice or experience with this array. Specificity and generalization of visual PL and their brain mechanisms are hot debated issues during recent years. Many behavioral studies reported that PL is specific to simple stimulus attributes, such as stimulus location and orientation (e.g., Ball & Sekuler, 1982; Crist et al., 1997; Fiorentini & Berardi, 1980; Karni & Sagi, 1991; Poggio, Fahle, & Edelman, 1992; Schoups, Vogels, & Orban, 1995 ; for reviews see Fahle, 2005; Gilbert, Sigman, & Crist, 2001) . In many PL models, the stimulus-specificity of PL is attributed to the primary visual cortex (i.e., area V1) where neurons are highly selective for stimulus location and orientation (e.g., Adini, Sagi, & Tsodyks, 2002; Teich & Qian, 2010; Zhaoping, Herzog, & Dayan, 2003) . However, some studies found such behavioral stimulus specificity can be eliminated under certain conditions, showing strong transfer of PL effects (Aberg, Tartaglia, & Herzog, 2009; Ahissar & Hochstein, 1997; Harris, Gliksberg, & Sagi, 2012; Hussain, Bennett, & Sekuler, 2012; Liu & Weinshall, 2000; Tartaglia et al., 2009; Xiao et al., 2008) . Moreover, some behavioral studies showed task-specificity of PL in which the PL effect cannot transfer from the trained task to another task involving the same or similar stimuli (Ahissar & Hochstein, 1993; Huang et al., 2007; Shiu & Pashler, 1992) , though others found successful transfer of learning across tasks (Chung, Legge, & Cheung, 2004; Green & Bavelier, 2003; Leonards et al., 2002; Nazir et al., 2004; Yu, Klein, & Levi, 2004) . Based on the stimulus-generalization and/or task-specificity effects in behavioral performance, some PL models proposed that high-level brain areas related with attentional control or decision making http://dx.doi.org/10.1016/j.visres.2014.10.017 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved.
play an important role in PL (e.g., Ahissar & Hochstein, 2004; Dosher & Lu, 1998; Zhang et al., 2010) . It is even proposed that the higher central mechanism, rather than the early visual processing itself, may account for the stimulus-specificity of PL (Mollon & Danilova, 1996; Petrov, Dosher, & Lu, 2005) . In addition, some behavioral studies found that visual PL depends on perceptual constancy (Garrigan & Kellman, 2008) and is diagonal mirror-transferable (Chen et al., 2008) . Accordingly, it was also proposed that visual PL occurs at the middle visual stages, such as the extrastriate cortex including V2-V4, where neurons are characterized by both orientation/location selectivity and more complex properties (Chen et al., 2008) , and involves feature-based selective attention (Su et al., 2014) . Several brain imaging studies have directly investigated the brain mechanisms of specificity and generalization of human visual PL (e.g., Ding et al., 2003; Schiltz et al., 1999; Song et al., 2007) . Specifically, although some behavioral studies showed both target-location and background-orientation specificities in the learning of a texture discrimination task (TDT, e.g., Karni & Sagi, 1991) , only the brain mechanism of target-location specificity has been investigated by brain imaging methods, such as functional magnetic resonance imaging (fMRI) and event-related potential (ERP) techniques (Pourtois et al., 2008; Yotsumoto, Watanabe, & Sasaki, 2008) . These fMRI and ERP studies mainly concerned the learning-associated changes of activities in the primary visual cortex (area V1). It is not clear yet whether higher brain activities are also important for the target-location specificity of TDT learning. In addition, some recent behavioral studies showed that TDT learning sometimes could completely transfer to a new target-location condition (e.g., Harris, Gliksberg, & Sagi, 2012) . However, the brain mechanism underlying the behavioral generalization across target locations have not been investigated yet. Moreover, background orientation is a feature very different from target location. Whether background-orientation specificity and target-location specificity share similar brain mechanisms or not is still an open question.
By recording ERPs from healthy human adults after a single training session of 1.5 h, this study aimed to investigate the brain mechanisms associated with behavioral specificity and/or generalization of target-location and background-orientation in short-term TDT learning. We focused on three ERP components: C1, N2pc and frontal/anterior P2. C1 is the earliest visual evoked component with its peak normally observed in the 60-100 ms range post-stimulus onset and is deemed to represent the initial visual cortical processing in area V1 (Di Russo, Martínez, & Hillyard, 2003; Ding et al., 2014; Jeffreys & Axford, 1972) . N2pc is a negative deflection usually observed at the posterior scalp sites contra-lateral to the attended location during 180-300 ms after stimulus onset. It is closely related to attentional selection of a potential target in a visual search array and is considered to be generated in the extrastriate visual areas including occipital, temporal and parietal cortex (Eimer, 1996; Hopf et al., 2000 Hopf et al., , 2006 Luck, 2011; Luck & Hillyard, 1994) . The frontal or anterior P2 component, with peak latencies typically during 150-280 ms and scalp distribution over frontal scalp sites, is thought to involve activations in the frontal cortex and to be related with the goal-directed attentional control (Potts, 2004; Potts & Tucker, 2001) . These three components therefore can be used as indices to investigate the contributions of different levels of mental and cortical processing in PL. These components have been respectively reported to be associated with PL in different studies using various tasks and paradigms (C1: Bao et al., 2010; Pourtois et al., 2008; N2pc: An et al., 2012; Hamamé et al., 2011; anterior P2: Qu, Song, & Ding, 2010; Wang et al., 2010) . The present study investigated all these three components in a short-term TDT learning paradigm with high-density ERPs, which offer high temporal resolution with reasonable spatial resolution and may provide indices for differentiating the neural substrates underlying specificity and generalization of visual PL.
Methods

Subjects
Twenty-four healthy young adults (6 males, ages 18-31 years) participated in this study as volunteers. Half of the subjects (Background-Orientation Specificity Group; BOS Group) were tested with the trained and the untrained background orientation, and the other half (Target-Location Specificity Group; TLS Group) were tested with the trained and untrained target location. All subjects were right-handed, with normal or corrected-to-normal vision. All were compensated for their participation, either with payment or with credit hours fulfilling a course requirement. The research was conducted in accord with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and informed consent was obtained from each subject before the beginning of experiment.
Stimuli and tasks
We used the same task and similar stimulus parameters as described in a previous study (Pourtois et al., 2008) . A small target texture (three 45°-clockwise bars, forming either a horizontal or a vertical orientation) embedded within a background of horizontal (or vertical) bars (see Fig. 1A ). The display (21°Â 41°) was composed of white line segments (1.0°Â 0.16°, spaced 1.64°apart) slightly ''jittered'' (0-0.14°) on a black background within a 13 Â 25 lattice. A randomly rotated 'L' or 'T' was presented at the center of the bottom edge of the display in order to impose fixation. Target location was varied randomly from trial to trial but always within a specific quadrant and within 13-19°visual angle from fixation. The mask display was made of randomly oriented V-shaped micropatterns and a central letter 'F'.
At the beginning of each trial, a small central cross was presented for 600 ms to help with the fixation. After a blank interval (400 ms), the stimulus was briefly flashed (17 ms), followed by a blank interval (stimulus-to-mask onset asynchrony, SOA), a mask (100 ms), and a blank screen until response. On each trial, subjects first reported the central letter at fixation ('T' or 'L') and then judged the orientation of the target texture (horizontal or vertical), using four predefined keys (two for each task). The next trial was initiated by the response to the target texture of the current trial.
Procedure
A behavioral training session was given on the first day (see Fig. 1B ). The training session contained 20 blocks of 64 trials, with decreasing SOA from 477 to 117 ms to establish learning. For the first five blocks, SOAs were 477, 377, 277, 237 and 217 ms respectively. For the next fifteen blocks, five SOAs (197, 177, 157, 137 and 117 ms) were used, each for three consecutive blocks. For the BOS Group, the target texture of the trained stimuli was always presented in the upper-right quadrant; and the background bars were always in the same orientation during training (either horizontal or vertical, counterbalanced across subjects). For the TLS Group, the background bars of the trained stimuli were always horizontally oriented, and the target texture was always presented in the same quadrant during training (either in upper-left or upper-right quadrant, counterbalanced across subjects). The training session lasted for about 1.5 h.
During the ERP recording session on the following test day, SOA was constant at 517 ms to avoid any contamination of early ERPs evoked by the mask. For the BOS Group, the location of target texture was same as in the training session (upper-right quadrant), but the orientation of background bars was either the trained or the untrained orthogonal one. For the TLS Group, the orientation of background bars was consistent with the training session (horizontally oriented), but the targets were presented either in the trained or symmetrically, in the untrained quadrant. The test order of the trained and the untrained stimuli (200 trials each) was counterbalanced across subjects.
Psychophysical thresholds were measured for the trained stimuli right before (pre-training: pre) and after the training session (posttraining1: post1) on the first day, as well as for the trained and untrained stimuli right after the ERP recording session (post-training2: post2) on the second day. The test order of trained and untrained stimuli at post2 was same as that of the ERP session. Each measurement consisted of 144 TDT trials with 9 decreasing SOAs (i.e. 277, 237, 197, 177, 157, 137, 117, 97 and 77 ms) , each SOA for 16 trials. Response accuracy was calculated for each SOA in order to construct a psychometric curve. Only the trials with correct responses in the central tasks were used to calculate the response accuracy of peripheral TDT task. Each measured psychometric curve were fitted with Weibull function:
where x is the stimulus strength (i.e. experimental parameter SOA in msec); p(x) is the probability of correct response at x; c is the guessing factor (i.e. lowest probability level a participant can get by pure guessing, 50% in the present study); a describes the location (i.e., SOA corresponding to 81.6% correct level) and b describes the slope of the psychometric functions. The threshold is defined as the stimulus level (SOA) that yields 80% correct level. Matlab and PsychToolbox were used in the threshold estimation.
Both groups of subjects were informed the location of the target texture (upper-left or upper-right quadrant) but not the orientation of the background bars (horizontal or vertical) before the training or the tests.
ERP recording
The electroencephalogram (EEG) was recorded from 57 scalp sites using the 10-10 system montage. ANT EEG/ERP acquisition system, with Refa-8 72-channel DC amplifier and ASA software, was used in EEG recording. Standard 10-20 sites were FP1, FPz, FP2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, Oz, O2. Additional intermediate sites were AF3, AFz, AF4, F5, F1, F2, F6, FC5, FC3, FC1, FCz, FC2, FC4, FC6, C5, C1, C2, C6, TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6, TP8, P5, P1, P2, P6, PO7, PO3, POz, PO4 and PO8. All scalp channels were recorded with a common average reference on-line, and was then algebraically re-referenced to the average of the left and right mastoid off-line. The horizontal and vertical electro-oculogram (EOG) was monitored with bipolar recordings from electrodes at the left and right outer canthi, and from those above and below the left eye. Electrode impedance was kept below 5 kX.
The EEG analog signal was digitized at a 512-Hz sampling rate, and a digital anti-aliasing filter of 0.27 Â sampling rate was applied at the time of recording. After filtering the EEG with a digital 40-Hz low-pass filter and then a 0.1-Hz high-pass filter, the epoch was extracted, including 100 ms of pre-stimulus and 500 ms of poststimulus. The trials contaminated by eye blinks, eye movement or muscle potentials exceeding ±70 lV at any electrode and those with incorrect response were excluded before averaging. ERPs were then averaged according to stimulus types (trained and untrained) for each group of subjects. The baseline for ERP measurements was the mean voltage over the 100 ms pre-stimulus interval. EEGLAB (http://sccn.ucsd.edu/eeglab/) was used in offline EEG data analysis.
Data analysis
In order to examine the learning effect on behavioral performance, psychophysical thresholds for the trained stimuli were subjected to one-way repeated measures ANOVAs with the factor being Training (pre, post1 and post2) for each group of subjects. Two-tailed pair-wise t-tests (trained vs. untrained) were then used to analyze the stimulus-specific learning effect in psychophysical thresholds after the ERP recording session (post2) and in response accuracies during the ERP recording session.
To reveal the stimulus-specific learning effect on brain activities at different processing levels, ERP mean amplitudes of the C1, N2pc ) and then to judge orientation of the peripheral target texture (horizontal or vertical) which was consisted of three diagonal bars. In the Background-Orientation Specificity (BOS) Group, targets of the trained and untrained stimuli were always located in the upper-right quadrant, while background orientation was orthogonal across the trained and untrained stimulus conditions, either horizontal or vertical. In the Target-Location Specificity (TLS) Group, the background orientation of the trained and untrained stimuli was kept constant as horizontal, while the target location was changed between stimulus conditions, either in the upper-left or upper-right quadrant. (B) The behavioral training session was given on the first day. About 24 h later, ERPs to the trained and untrained stimuli were recorded. Psychophysical thresholds were measured right before (pre) and after the training session (post1) on the first day, as well as immediately following the ERP session (post2) on the second day.
and frontal P2 components were measured and analyzed. Measurement windows were selected based on the grand average peak latency of each component. Electrode clusters were selected at which component amplitudes and/or amplitude differences were at the maximum. The mean amplitudes of C1 were measured at parieto-occipital sites (Pz and POz) in the interval of 70-90 ms. The mean amplitudes of frontal P2 were measured at frontal sites (FPz and AFz) in the interval of 190-230 ms. The mean amplitudes of N2pc were measured in two distinct time intervals (220-240 ms and 250-270 ms) at occipital sites (O1/2 and PO7/8) and parietotemporal sites (CP5/6 and TP7/8), since the N2pc showed obviously different spatio-temporal distributions between the trained and untrained conditions for the TLS Group (Fig. 4) . These occipital and parieto-temporal sites had the maximum N2pc amplitudes and/or amplitude differences in either the trained or the untrained conditions. As previous studies defined (Luck & Hillyard, 1994) , the N2pc amplitude was measured as the difference voltage between the contralateral and ipsilateral scalp sites to the target location.
ERP amplitudes in each group were then subjected to repeated measures ANOVAs. For the C1 and frontal P2 component, the within-subject factor was Specificity (trained vs. untrained). For the N2pc component, the within-subject factors included Specificity (trained vs. untrained) and Spatio-Temporal Distribution (low-early: O1/2 and PO7/8 sites, 220-240 ms; lowlate: O1/O2 and PO7/8 sites, 250-270 ms; high-early: CP5/CP6 and TP7/8 sites, 220-240 ms; and high-late: CP5/CP6 and TP7/8 sites, 250-270 ms).
Significant levels of the F ratios were adjusted with the Greenhouse-Greisser correction where appropriate.
Note that for either the behavioral data or the ERP data, no significant main effect of Test Order (trained first vs. untrained first), or interaction between Test Order and other factors (e.g., Training, Specificity, Spatio-Temporal Distribution) were found (ps > 0.1). Therefore the reported data in the following sections were collapsed across subjects with different test orders.
Results
Behavioral data
Psychophysical thresholds of the peripheral task
As shown in Fig. 2 , one-session training induced significant learning effects in psychophysical thresholds for both groups of subjects (main effect of Training, BOS Group: F(2, 22) = 17.680, p = 0.00003; linear trend, F(1, 11) = 37.280, p = 0.00008; TLS Group: F(2, 22) = 15.085, p = 0.0005; linear trend, F(1, 11) = 22.560, p = 0.001). Thresholds decreased immediately after training (pre vs. post1 decrement, BOS Group: 53 ± 14 ms, mean ± SE, p = 0.004; TLS Group: 80 ± 24 ms, p = 0.007), and reduced again $24 h later (post1 vs. post2 decrement, BOS Group: 35 ± 16 ms, p = 0.05; TLS Group: 32 ± 13 ms, p = 0.03), reflecting fast and slow learning of texture discrimination.
Although training induced significant learning effects in both groups, only the BOS Group showed a significant stimulus-specific learning effect in the post2 threshold test (untrained vs. trained decrement, BOS Group: 30 ± 9 ms, t(11) = À3.268, p = 0.007; TLS Group: 6 ± 14 ms, t(11) = À0.390, p = 0.704).
Response accuracies of the peripheral task
Consistent with psychophysical thresholds, response accuracies during the ERP recording session showed a significant stimulusspecific learning effect in the BOS Group (untrained vs. trained increment: 1.6 ± 0.5%, t(11) = 3.276, p = 0.007), but not in the TLS Group (0.8 ± 0.8%; t(11) = 1.003, p = 0.337; see Fig. 2 ).
Response accuracies of the central task
Accuracies in the central letter identification task were high throughout the training (mean > 94%), psychophysical threshold tests (>92%) and ERP recordings (>97%) in both BOS and TLS Groups (Table 1) . Our control test showed that, if the subjects did not fixate on the central letters but at the middle of the two target stimuli, they could not well discriminate the central letter even in the long SOA condition (e.g., SOA = 517 ms, mean accuracy was about 83%, with a range from 75% to 90% among individuals). However, in the present experiment, subjects showed very high accuracy when SOA = 517 ms (>95% for all subjects in EEG session). Even in the conditions mixed with short SOA and long SOA (i.e., training and psychophysical threshold tests), subjects still performed quite well in the central task. These results indicated that participants fixated on the central letters very well during the experiment.
In addition, accuracies did not show significant difference between the BOS and TLS Groups, or between the Trained and Untrained conditions for either group (all ps > 0.1), indicating that the reported specific learning effects on the peripheral task could not be ascribed to the change of central-focused attention.
Electrophysiological data 3.2.1. C1
As shown in the left panel of Fig. 3 , for each group of subjects, both the trained and untrained stimuli evoked large C1 components over posterior scalp areas, with maximum amplitudes at midline parieto-occipital sites and peak latencies of around 80 ms. The polarity, latency, topography and amplitude of the present C1 resembled those reported in previous studies using similar upper visual field stimuli (i.e., large bar array stimuli; Ding et al., 2014; Pourtois et al., 2008; Rauss et al., 2009 ). However, no significant stimulus-specific learning effect were observed in the C1 amplitude (at Pz and POz sites) for either the BOS Group (main effect of Specificity: F(1, 11) = 0.317, p = 0.585) or the TLS Group (F(1, 11) = 0.137, p = 0.718; see Fig. 5a ).
As shown in the left panel of Fig. 4 , differences between ipsiand contra-lateral occipital sites appeared even at the first potential C1. Further analyses were conducted to examine whether these early differences were modulated by PL. Results showed that for TLS Group, the C1 difference between contra-and ipsi-lateral scalp sites (i.e., C1c-i) was not significant for either the trained (mean amplitudes across O1/2 and PO7/8 sites during 70-90 ms: t(1, 11) = À0.886, p = 0.395) or the untrained condition (t(1, 11) = 1.438, p = 0.178). In addition, the C1c-i showed no significant difference between the trained and untrained conditions (t(1, 11) = À1.171, p = 0.266). For BOS Group, although the C1c-i was significant (t(1, 11)s < À3.665, ps < 0.005 for both conditions), it did not differ between the trained and untrained conditions (t(1, 11) = À0.34, p = 0.973).
The significant C1c-i in BOS Group may be due to that the target was always located in the right visual field for both the trained and untrained conditions. Therefore the contra-and ipsi-hemispheres were not balanced between left and right hemispheres (i.e., the contra-hemisphere was always left hemisphere and the ipsi-hemisphere was always right hemisphere), and the difference between contra-and ipsi-sites might just reflect a kind of general difference between left-and right-hemispheres when subjects were performing TDT task. In TLS Group, however, the trained target was located either in the left or in the right visual field, thus the contra-and ipsi-hemispheres were well balanced between left and right hemispheres. In this condition, little difference between left-and righthemisphere would remain in the C1c-i, leading to non-significant C1c-i in the TLS Group.
In summary, either the original C1 or the C1c-i did not show specific learning effect for either BOS or TLS Group, and the C1c-i appeared in the BOS Group may just reflect a general lateralization effect between the left and right hemispheres rather than targetdefined contra-minus-ipsi visual processing.
Anterior P2
A typical frontal P2 component was triggered in response to the trained and untrained stimuli for both groups of subjects, with a maximum amplitude at the midline frontal sites, peaking at around 200 ms after stimulus onset (Fig. 3, right panel) . The anterior P2 amplitude showed significant target-location specific decrement, but no background-orientation specific change (TLS Group: main effect of Specificity, F(1, 11) = 5.115, p = 0.045; untrained vs. trained decrement, 1.12 ± 0.49 lV, mean ± SE; BOS Group: F(1, 11) = 0.137, p = 0.718; untrained vs. trained decrement, 0.18 ± 0.49 lV; see Fig. 5b ).
N2pc
Contralateral and ipsilateral waveforms relative to the location of the target texture at posterior electrode sites are presented in the left panel of Fig. 4 . Consistent with previous studies, the present N2pc component was identified as a more negative voltage at contralateral relative to ipsilateral electrodes between 200 and 300 ms post-stimulus. N2pc amplitude was measured from the difference waves constructed by subtracting waveforms at ipsilateral electrodes from waveforms at contralateral electrodes. As shown in the voltage topographical maps (Fig. 4, right panel) , for the trained condition, N2pc has maximum amplitudes at the occipital sites during 220-240 ms for both the BOS Group and the TLS Group. For the untrained condition, however, N2pc showed obviously different distributions between Groups: its maximum amplitude appeared at the occipital sites for the BOS Group, but at parietotemporal sites for the TLS Group (with peak latencies during 250-270 ms).
Two-way repeated measured ANOVAs confirmed that, for the TLS Group, significant interaction of Specificity ⁄ Spatial-Temporal Distribution (F(3, 33) = 5.684, p = 0.009) but non-significant main effect of Specificity (F(1, 11) = 0.001, p = 0.979) was found, indicating that target-location specific learning effect on the N2pc was reflected by changes of spatio-temporal distributions. Specifically, as shown in Fig. 5c , the N2pc decreased gradually from ''low-early'' (occipital sites, 220-240 ms) to ''high-late'' (parieto-temporal sites, 250-270 ms) for the trained condition (One-way ANOVA with the factor as Spatial-Temporal Distribution, F(3, 33) = 4.349, p = 0.022; linear trend, F(1, 11) = 9.489, p = 0.010), but increased from ''low-early'' to ''high-late'' for the untrained condition (F(3, 33) = 5.672, p = 0.003; linear trend, F(1, 11) = 7.892, p = 0.017), indicating that the spatio-temporal distribution of N2pc was shifted from a high-late pattern in the untrained condition to a low-early pattern after target-location specific learning. For the BOS Group, however, specific learning effects on the N2pc were reflected by amplitude enhancement rather than modulation of spatio-temporal distributions (main effect of Specificity: F(1, 11) = 8.657, p = 0.013; Specificity ⁄ Spatial-Temporal Distribution: F(3, 33) = 1.862, p = 0.155). Further pair-wise comparison showed that this amplitude enhancement effect was most significant at occipital sites during 220-240 ms (untrained vs. trained difference: occipital sites, 220-240 ms: À1.03 ± 0.28 lV, p = 0.003; occipital sites, 250-270 ms: À0.60 ± 0.30 lV, p = 0.075; parieto-temporal sites, 220-240 ms: À0.79 ± 0.36 lV, p = 0.051; parieto-temporal sites, 250-270 ms: À0.42 ± 0.24 lV, p = 0.102; Fig. 5c ), which was consistent with the N2pc topographies in the trained minus untrained condition (Fig. 4, right panel) .
Further ANOVAs confirmed that the N2pc had similar spatialtemporal pattern between groups for the trained condition (Group ⁄ Spatial-temporal-pattern: F(3, 66) = 0.623, p = 0.547), but not for the untrained condition (Group ⁄ Spatial-temporal-pattern: F(3, 66) = 4.362, p = 0.021), resulting in a significant threeway interaction between Group, Spatial-temporal-pattern and Specificity (F(3, 66) = 4.025, p = 0.021). In addition, the N2pc amplitude in the trained condition did not show significant difference between groups (F(1, 22) = 3.347 p = 0.081). These results indicated that the N2pc differences of untrained condition between TLS and BOS Groups might not be ascribed to the difference of trained condition between groups.
Further control experiment and data analysis
Different from some previous PL studies (e.g., Karni & Sagi, 1993) , the present study did not show strong behavioral specificity in threshold measurements, especially for the untrained target location. We speculate that the exposure to the untrained conditions during the EEG session may be a critical factor accounting for the disparities between the present and previous studies. To support this proposal, we conducted a control behavioral experiment in which the background-orientation and target-location specificity were investigated in the same training and testing paradigms as the present study except that no EEG session was given before behavioral threshold measurements. As expected, both significant background-orientation and target-location specificity were observed in the control experiment (for both groups, n = 6; Trained vs. Untrained condition in post2: ps < 0.05, Fig. 6 ). Fig. 2 . Learning effects in behavioral performance. Texture discrimination learning, as indexed by psychophysical thresholds (pre, post1, post2), was highly significant in both the BOS and the TLS Groups. Such learning effect on behavioral performance, however, was significantly specific to the background orientation, but not to the target location (as shown in both threshold SOA in the post2 test and response accuracies in the ERP session). Error bars represent standard errors of the mean.
In addition, we elaborately examined the time course of behavioral performance during the EEG recording of the main experiment. Results showed that target-location specificity in response accuracy was marginally significant for the first 50 trials (trained vs. untrained in block 1: p = 0.07) but not for the following 150 trials (trained vs. untrained across block 2, 3 and 4: p > 0.95; Fig. 7 ). This result was consistent with a recent study of Harries et al., which showed that even for the standard group, the target-location specificity appeared in the initial testing stage of the untrained condition (the first block of 84 trials) but largely disappeared in the following blocks (Fig. 2a in Harris, Gliksberg, & Sagi, 2012) . These results together suggested that the initial tens of trials might be crucial for the TDT learning effect to transfer to the untrained target location.
A question therefore emerged, i.e. whether the observed targetlocation-specific ERP effects occurred only for the initial 50 trials which exhibited specificity in behavioral performance or for the subsequent trials which showed little behavioral specificity. To address this question, we further analyzed EPRs for the later 150 trials of EEG session and found that the specific ERP effects were still significant (Supplemental Fig. 1 ). These results indicated that under relatively easy condition (SOA = 517 ms), although no behavioral specificity was found for the TLS Group, specific ERP effects remained.
Discussion
Comparison between target-location specificity and backgroundorientation specificity
The present study directly measured and compared the behavioral and ERP effects associated with changes of background orientation and target location after one-session TDT learning. After a same amount of exposure during EEG session, the present PL effect in behavioral performance almost completely transferred to an untrained target location, but at least partly specific to the trained background orientation. While behavioral performance showed only significant background-orientation specificity (after a quick exposure of the untrained condition), ERP results revealed both target-location and background-orientation specific changes in brain activities associated with short-term TDT learning. Similar inconsistence between behavioral performance and brain activities was also shown in recent fMRI and ERP studies concerning about target-location specificity of visual PL Yotsumoto, Watanabe, & Sasaki, 2008) . For example, An et al. (2012) found that while behavioral PL effect of a visual search task completely transferred to the untrained target locations, the learning-induced N2pc enhancement showed significant target-location specificity. Fig. 3 . Grand average ERPs and voltage topographies of C1 and anterior P2. Typical C1 (left panel) and anterior P2 (right panel) waveforms were shown at posterior midline site Pz and anterior midline site AFz, respectively. The C1 did not show significant difference between the trained and untrained stimuli for both groups of subjects, while the anterior P2 showed target-location but no background-orientation specific effect. Voltage topographies of the original (trained, untrained) and difference (trained minus untrained) ERPs were shown in the middle panel.
In the present study, the background-orientation specific learning increased the amplitude of N2pc component, with maximum effects at occipital sites during 220-240 ms. The target-location specific effects, however, involved modulation of tempo-spatial configurations of the N2pc component (shifting from late-parietal/temporal to early-occipital pattern) and decrease of frontal P2 amplitude. These specific effects mainly occurred around 190-270 ms post stimulus onset, which are consistent with previous ERP studies of PL in orientation discrimination of line segments and gratings (Ding et al., 2003; Song et al., 2007) , and visual search of simple object . The present N2pc and frontal P2 results indicated that TDT learning is a complex process involving both the modulation of relatively low-level visual selective processing in extrastriate cortex and high-level frontal activities related to attentional control. Similar results were also found in previous brain imaging studies using different PL paradigms. For example, our recent ERP study showed that posterior visual ERP components increased while the frontal P2 component decreased in amplitudes after learning of a line-orientation discrimination task ; an fMRI study of Sigman et al. (2005) reported that target-specific learning in a shape identification task engaged increase of activity in the low-level visual cortex but decrease of activity in the higher visual cortical areas and the dorsal attentional network involving frontal brain areas.
The differential ERP effects in background orientation and target location conditions may reflect differences in the brain mechanisms that do or do not induce behavioral specificity. The brain mechanism underlying the background-orientation specificity is relatively simple, involving mainly the increase of early N2pc (220-240 ms, occipital sites), which may be related to the specific learning effect observed in behavioral performance. The brain mechanisms underlying the target-location generalization, however, are much complicated, involving at least two separate mechanisms with opposite contributions to the specificity of behavioral performance. As indicated by the modulation of spatio-temporal distributions of N2pc (Figs. 4 and 5 , the lower-right panels; Supplemental Fig. 1 , the right panel) and frontal P2 (Fig. 3 , the right panel; Supplemental Fig. 1 , the left panel), these two mechanisms Fig. 4 . Grand average ERPs and voltage topographies of N2pc. The left panel showed contralateral and ipsilateral waveforms relative to the location of the target texture at occipital and parieto-temporal sites. N2pc topographies (right panel) were bilaterally plotted based on difference waves between contralateral and ipsilateral sites, which are different from previous figures in its nature. Blue in the topographic plot indicates larger N2pc and red indicates smaller N2pc. In the BOS Group, the N2pc showed similar spatio-temporal properties between the trained and untrained condition, and the background-orientation specific changes mainly involved amplitude enhancement of N2pc for trained stimuli, with a maximum effect at occipital sites during 220-240 ms. In the TLS Group, however, the N2pc was distributed in lower visual cortical area and earlier latency window for the trained condition (occipital sites, 220-240 ms) than for the untrained condition (parieto-temporal sites, 250-270 ms), indicating that a modulation of spatial-temporal patterns of the N2pc was involved in the target-location specific learning. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) may be reflected by increase of early N2pc (220-240 ms, occipital sites), and decrease of frontal P2 (190-240 ms) and late N2pc (250-270 ms, parieto-temporal sites), respectively. The effects induced by the two opponent mechanisms might counteract with each other, eventually leading to generalization of behavioral improvement.
A preliminary PL model underlying TDT learning
Based on the present findings and literatures, we propose that TDT learning involves at least the following mechanisms: (1) explicit activation of the target; (2) implicit suppression of the surrounding distractors; and (3) general learning mechanisms which are independent of the specific target or distractors (e.g., familiarity of the dual task paradigm, and ignorance of the mask; Censor et al., 2009; Schubö, Schlaghecken, & Meinecke, 2001 ). All of these mechanisms will lead to improvement of behavioral performance in TDT. Specifically, mechanism (1) and (2) may modify activities in the lower visual cortex, leading to enhancement of relatively early visual selection of the target among distractors (as indexed by the early N2pc effect or maybe even earlier ERP components; Luck, 2011) . Accompanying with these learning mechanisms, an additional mechanism (4) may be involved. That is, less top-down attention is required after learning (Gilbert, Sigman, & Crist, 2001; Sigman et al., 2005) , which will induce smaller activity in the higher brain center of attention control (as The C1 did not show significant difference between the trained and untrained stimuli for both groups of subjects. (b) The anterior P2 amplitudes were measured at frontal sites (FPz and AFz) in the interval of 190-230 ms. For the TLS Group, the anterior P2 was significantly smaller in amplitude for the trained than the untrained condition. For the BOS Group, however, no significant difference between the trained and untrained conditions was found. (c) The N2pc amplitudes were measured in two distinct intervals (220-240 ms and 250-270 ms), at occipital (O1/O2, PO7/PO8) and parieto-temporal sites (CP5/6, TP7/8), respectively. For the BOS Group, the N2pc was larger in amplitude for the trained than the untrained condition, with maximum enhancement effects at occipital sites during 220-240 ms. For the TLS Group, however, the N2pc showed a modulation of spatial-temporal configuration, shifting from a high-late pattern (with amplitude maximum at parieto-temporal sites during 250-270 ms) in the untrained condition to a low-early pattern (with amplitude maximum at occipital sites during 220-240 ms) in the trained condition. Error bars represent standard errors of the mean. indexed by the anterior P2 effect; Potts, 2004) and decrease of later attentional selection of the target (as indexed by the late N2pc effect). As a result of learning, the task is processed more automatically and effortlessly.
If the location of the target or the orientation of the distractors is changed, the learning effects induced by mechanism (1) and/or (2) may not transfer to the new condition, which will induce target-location or background-orientation specific learning effects in behavioral performance. Meanwhile, if the location of the target is changed, which is highly relevant to the current task and clearly known by the subjects, mechanism (4) would not completely transfer to the new condition. That is, subjects may quickly reactivate the top-down attentional allocation to the new target location, which will compensate for the behavioral target-location specificity induced by mechanism (1) and (2) to some extent. If this compensation effect is large enough, the target-location specificity could not be observed in the behavioral performance. In contrast, if the background orientation is changed, which is a feature of distractors and not explicitly instructed to the subjects, top-down attentional control could not to be reactivated efficiently and the behavioral background-orientation specificity induced by mechanism (2) will be observed.
Thus, our study suggests a compensation role of top-down attentional control in the specificity and generalization of PL. Whether behavioral performance will eventually show stimulus specificity or not may depend on the relative strengths of two opponent attentional mechanisms (i.e., the modulation of relatively early visual selective processing for the trained attributes vs. the reactivation of top-down attentional control in the untrained conditions). The compensation role of top-down attentional reactivation mechanism may reconcile the apparent inconsistence between behavior and brain activities in the present and previous PL studies (e.g., An et al., 2012; Yotsumoto, Watanabe, & Sasaki, 2008) . Similar high-level brain activation has also been reported as an important mechanism for old adults to compensate for the disability induced by degeneration of the low-level sensory cortex (for reviews, see Grady, 2008; Greenwood, 2007) . Based on the present PL study and previous aging studies, we suggest that the top-down function originating from higher frontal cortex may be a general mechanism for human beings to quickly adapt to the changing world.
Factors which may influence the specificity and generalization of PL
According to our preliminary PL model, whether behavioral performance will eventually show stimulus specificity or not may depend on the relative strengths of two opponent attentional mechanisms (i.e., the modulation of relatively early visual selective processing for the trained attributes vs. the reactivation of topdown attentional control in the untrained conditions). Thus any factor that could modulate the relative contributions of the two opponent attentional mechanisms may have influence on the PL specificity/generalization. Specifically, different training (e.g., training time: long-term or short-term; training method: interleaved/roving training or adaptive/regular training; task load during training: easy or difficult) and testing procedures (e.g., the nature of the interested stimulus features; exposure/testing time before/during test; task load during test) may be important factors at least partly explaining why some studies showed strong behavioral specificity (e.g., Hung & Seitz, 2014; Karni & Sagi, 1991) whereas others did not (e.g., Harris, Gliksberg, & Sagi, 2012; Liu & Weinshall, 2000; Tartaglia et al., 2009; Zhang et al., 2010) .
On one hand, repeated training with invariant task/stimulus set may be important for the modulation of early visual selective attention. The longer and the more regular the training is, the more fundamental modulation of early visual selective attention and the stronger behavioral specificity may be induced. Consistently, strong behavioral specificity had been observed in long-term TDT learning with multiple training sessions over days (e.g., Karni & Sagi, 1991) but not in short-term TDT learning with only a single training session (e.g., the present study); and the interleaved/roving training reduced behavioral specificity as compared with the adaptive/regular training (e.g., Harris, Gliksberg, & Sagi, 2012; standard vs. ±45°group; Yu, Klein, & Levi, 2004 ). In addition, task difficulty is an important factor modulating early visual selective attention Lavie, 1995) . Consistently, compared with easy training condition, training of difficult task induced more fundamental learning effects (Wang et al., 2010) and stronger behavioral specificity (Ahissar & Hochstein, 1997) .
On the other hand, the reactivation of top-down attention in the test of PL transfer may depend on the nature of the interested stimulus attribute (e.g., whether the changed stimulus attribute is highly relevant to the testing task) and the detailed testing procedure (e.g., whether there is some practice before post-test). Change of highly task/response-relevant feature (e.g., target location) may efficiently reactivate the top-down attention mechanism and induce stronger behavioral transfer effects than that of less relevant feature (e.g., background orientation; the present study). Some practice of the untrained stimulus attributes, such as pre-test in the untrained condition (e.g., Tartaglia et al., 2009) , exposure of the untrained stimulus attributes before post-test (e.g., Zhang et al., 2010) , and tens of trials' practice in the post-test (e.g., TLS Group in the present study; standard group in Harris, Gliksberg, & Sagi, 2012) , could quickly facilitate the top-down reactivation mechanism in the post-test and largely reduce or even eliminate the behavioral specificity.
In addition to experimental sets, individual difference may also be an important factor influencing PL specificity/generalization and the underlying brain activities. On one hand, individual difference (e.g., in motivation and prior experience) may influence the learning effects on the early visual selective attention, leading to stronger PL effects and specificities for some individuals than others. However, this explanation may not be a key factor accounting for the present different results between TLS and BOS Groups since there was no significant difference in the trained condition between groups. On the other hand, individual difference (e.g., in executive function and arousal state) may affect the reactivation Fig. 7 . Time course of response accuracy during EEG recording for the TLS Group. 200 trials of EEG session were divided into four blocks, each containing 50 trials. Mean accuracy for each block was shown. For the trained condition, the accuracy was high (all > 97%) and did not show significant difference among blocks (ps > 0.3). For the untrained condition, however, the accuracy was relatively low in block 1 (93.7%), but quickly increased in block 2 (98.2%; p = 0.034) and maintained at high level in block 3 and 4 (both > 97%).
of top-down attention in the test of PL transfer. For example, when we separate the subjects in TLS Group (showing no significant behavioral specificity) into two subsets according to the psychophysical threshold test, subset 1 (n = 7) showed better performance in the trained than the untrained condition while subset 2 (n = 5) showed contrary results. It's interesting that subset 2 showed a larger anterior P2 effect than subset 1 (untrained minus trained: averaged 0.679 lV for subset 1 and 1.737 lV for subset 2). This result suggests that the reactivation of top-down attention may be different among individuals, leading to smaller specificities in behavior for some individuals than others. This result provided further evidence for our proposal that reactivation of top-down attention in the untrained condition plays a compensation role in the generalization of PL in behavioral performance. Since the experimental sets for the TLS Group of the present study were similar to those for the UVF group of Pourtois et al. (2008) , we suspect that individual subject difference may account for the difference in behavioral performance between our and Pourtois' studies.
Limitation and further studies
In this study we proposed a compensation role of relatively late top-down attention in the generalization of PL. We found that when SOA was fixed at 517 ms, although no behavioral specificity appeared for the TLS Group, specific ERP effects remained, indicating the mechanisms of attentional processing exist in the easy task condition. It remains a question, however, whether and how long the compensational effects of top-down attention persists when the behavior showed transfer in psychophysiological threshold (under relatively difficult condition). Further studies are required to clarify the temporal relationship between the reactivation of top-down attention and behavioral generalization in various task load conditions. In addition, because there were only twelve subjects in each group, it is not clear yet whether the reported ERP differences between TLS and BOS Groups (especially those considered to be related to the reactivation of top-down attention, i.e., the anterior P2 and late N2pc effects) were purely ascribed to the nature of the changed stimulus attributes (i.e., target location vs. background orientation) or partly due to individual subject differences (e.g., in the ability to reactivate top-down attention quickly). Further studies based on larger amount of subject sets are useful to clarify this issue.
The present study did not find significant specific changes on the earliest visual ERP component C1. One possible reason may be that a single training session used in present study is insufficient to induce extensive modifications in the earliest stages of visual cortical processing. Previous studies have shown that longterm and slow learning may involve different mechanisms from short-term and fast learning (Karni & Sagi, 1993; see Censor, Sagi, & Cohen, 2012 for a review). Further studies, especially those with long-term training over several days, are needed to investigate whether and in what conditions the initial visual cortical processing in area V1 could be modified by TDT learning.
Conclusion
After a same amount of exposure to the untrained condition, only the BOS Group showed significant behavioral specificity. However, both BOS and TLS Groups exhibited significant specific effects in ERPs. Compared to the BOS Group which only involved the early N2pc effect, the TLS Group showed additional anterior P2 effect and late N2pc effect. The apparent disparities between behavior and ERP results suggest a key mechanism of early visual selective attention in specificity of PL and a compensation role of top-down attention in generalization of PL. That is, the reactivation of top-down attention control in some conditions (e.g., the present TLS Group) may compensate for the specific effect induced by the early visual selective attention mechanism, leading to generalization or less specificity of perceptual learning in behavioral performance. This compensation role, although requiring further investigation, is important for us to understand the mechanisms underlying generalization of PL in behavior.
